By an association mapping for the candidate locus in chromosome 21q, rs3746876 within KCNJ15 was shown to be associated with type 2 diabetes in Japanese populations. However, the association of rs3746876 with type 2 diabetes has not been validated in an independent cohort. The aim of the present study was to ascertain the association of rs3746876 with type 2 diabetes in an independent larger Japanese sample. We genotyped 7885 Japanese participants (4967 individuals with type 2 diabetes and 2918 control individuals) for rs3746876 with polymerase-chain reaction-invader assay. The association of rs3746876 with type 2 diabetes was examined by using logistic regression analysis. Quantitative traits analyses for homeostasis model assessment (HOMA) of b-cell function, HOMA of insulin resistance, fasting plasma glucose, fasting immunoreactive insulin and body mass index (BMI) were performed in control individuals by using multiple-linear regression analysis. We observed a significant association of rs3746876-T with type 2 diabetes (P ¼ 0.0281, odds ratio (OR) ¼ 0.82, 95% confidence interval (CI, 0.68-0.98)), but the direction of effect was opposite to that in the original report. The association of rs3746876 with type 2 diabetes was more significant in obese patients (BMIX25 kg m À2 , P ¼ 0.0025, OR ¼ 0.62, 95% CI, 0.45-0.84). We did not observe significant association of rs3746876 with any of the quantitative traits in the control individuals. We could not replicate the original finding for the association of rs3746876 with type 2 diabetes, although rs3746876 was significantly associated with obese type 2 diabetes in the present Japanese population.
INTRODUCTION
To date, over 60 susceptibility loci have been identified for type 2 diabetes, mostly through genome-wide association studies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Of these, several loci have been shown to be associated with type 2 diabetes in Japanese populations, [21] [22] [23] [24] [25] [26] whereas the remaining loci have not shown significant effects in ethnic populations other than those in the original reports. 14, [21] [22] [23] [24] [25] [26] [27] Although the power of these studies may be insufficient in some cases, genetic heterogeneity among different ethnicities may exist for some particular loci.
In 2010, by an association mapping in the previously identified candidate locus for type 2 diabetes, chromosome 21q, 28 a single-nucleotide polymorphism, rs3746876, within the potassium inwardly-rectifying channel, subfamily J, member 15 gene (KCNJ15) was shown to be associated with type 2 diabetes in Japanese populations, but not in a Danish population. 29 Subsequent biological analyses suggested that the KCNJ15 was involved in the type 2 diabetes susceptibility through an impairment of the insulin secretion from pancreatic b cells. 29, 30 However, provided evidence for the association of rs3746876 with type 2 diabetes was still not sufficient to include this locus in a list of confirmed type 2 diabetes locus, since the association of the SNP did not reach a level of genome-wide significance (Po5 Â 10 À8 ), and there has been no report to replicate this association in an independent cohort.
In this study, we aim to evaluate the association of rs3746876 with susceptibility to type 2 diabetes in an independent Japanese population.
SUBJECTS AND METHODS

Participants and DNA preparation and genotyping
We enrolled 2664 type 2 diabetes patients who regularly visited the outpatient clinics of the Shiga University of Medical Science, Kawasaki Medical School, St Marianna University, Juntendo University and the University of Toyama. We additionally enrolled 2033 individuals who were registered as having type 2 diabetes in BioBank, Japan. 7, 14 We also examined 2918 controls, who underwent annual health check-ups at Keio University, St Marianna University or Toyama University Hospital, or from the general Japanese population registered in the Japanese SNP database. Individuals with fasting plasma glucose (FPG)X7 mmol Àl , postprandial plasma glucoseX11.1 mmol Àl or glycated hemoglobin (HbA1c (NGSP))X6.4% were excluded from the control group, if data were available. Fasting plasma insulin levels were obtained from 926 control individuals recruited at Keio University or Toyama University Hospital.
Diabetes mellitus was diagnosed according to the World Health Organization criteria, 31 and type 2 diabetes was clinically defined by a gradual adult onset. We excluded patients who tested positive for antibodies to glutamic acid decarboxylase or who were diagnosed with mitochondrial disease or maturity-onset diabetes of the young. Obesity was defined as individuals with body mass index (BMI)X25 kg m À2 according to the criteria of Japan Society for the Study of Obesity. 32 
Ethics statements
All participants agreed to the protocol of this study and provided written informed consent. The study protocol conformed to the provisions of the Declaration of Helsinki, and was approved by the ethics committees of RIKEN Yokohama Institutes and each of the participating institutes, that is, Shiga University of Medical Science, Kawasaki Medical School, St Marianna University, Juntendo University, the University of Toyama and Keio University.
SNP genotyping
Genotyping of rs3746876 was performed using the polymerase chain reaction invader assay. 33 Genotyping success rate for the assay was 99.0% and concordance rate for this SNP in 126 randomly selected duplicated samples is 100%.
Statistical analysis
We performed Hardy-Weinberg equilibrium tests according to the method described by Nielsen et al. 34 To test the additive model for rs3746876 in KCNJ15, the difference in the genotype distribution of this SNP between cases and controls was evaluated by logistic regression analysis with or without adjusting for age, sex and BMI. Genotype was scored using an additive model for the analysis (0, 1 and 2 for the homozygous of non-effect allele, heterozygous and homozygous of effect allele, respectively). The association of this SNP with quantitative traits, BMI, FPG, fasting immunoreactive insulin , the homeostasis model assessment (HOMA) of bcell function (HOMA-b) and the HOMA of insulin resistance (HOMA-IR) 35, 36 was evaluated using control individuals by multiple linear regression analysis in an additive association model. As the present Japanese samples have skewed distribution for BMI, FPG, F-IRI, HOMA-IR and HOMA-b, we performed the analyses for the quantitative traits using log-transformed BMI, FPG, F-IRI, HOMA-IR and HOMA-b.
Statistical analyses were performed using StatView software (SAS Institute, Cary, NC, USA). The level of significance was determined by a P value of o0.05.
RESULTS
The characteristics of participants in the present study are presented in Table 1 . In type 2 diabetes cases, male rates, BMI and age are significantly higher than those in controls.
Genotype distribution of rs3746876 in KCNJ15 in the present study was in accordance with the Hardy-Weinberg equilibrium proportion ( Table 2) .
Results of an association study for rs3746876 with type 2 diabetes in the present Japanese population are shown in Table 3 . Rs3746876-T, which was reported to be associated with an increased risk of type 2 diabetes, 29 was significantly associated with reduced risk of type 2 diabetes in the present Japanese population (P ¼ 0.0281, odds ratio (OR) ¼ 0.82, 95% confidence interval (CI, 0.68 À0.98)). Subsequent BMI-stratified analysis revealed that the association of rs3746876 with type 2 diabetes was significant only in obese subjects with type 2 diabetes (BMIX25 kg m À2 , P ¼ 0.0025, OR ¼ 0.62, 95% CI, 0.45-0.84), but not in non-obese type 2 diabetes (BMIo25 kg m À2 , P ¼ 0.2824, OR ¼ 0.90, 95% CI, 0.73-1.10, Table 3, Supplementary  Table S1 ). The association of rs3746876 with type 2 diabetes in a dominant or recessive association model was not stronger than that in an additive association model (Supplementary Table S2 ). In quantitative traits analyses using control individuals, we did not observe any significant associations of rs3746876 with BMI, HOMA-IR, HOMA-b, FPG or F-IRI (Table 4 and Supplementary  Tables S3-S5) , although sample sizes might not be sufficiently large enough for the analyses (Supplementary Table S6 ).
DISCUSSION
In the present study, we performed a replication study for the association of rs3746876 within the KCNJ15, which was previously reported to be associated with non-obese Japanese type 2 diabetes, 29 with susceptibility to type 2 diabetes in an independent Japanese population. We observed that rs3746876 was significantly associated with type 2 diabetes also in the present Japanese population, but effect direction was not consistent with that in the previous report.
In the original report by Okamoto et al., 29 the T allele of rs3746876 within KCNJ15 was shown to be associated with increased risk of type 2 diabetes in 3268 Japanese individuals by an association mapping of SNPs in a candidate region of chromosome 21q. They also demonstrated that the association was more significant in non-obese type 2 diabetes (BMIo24 kg m À2 ), 29 and KCNJ15 mRNA and protein were shown to be expressed in human pancreatic b cells. 29 Subsequently, it was shown that knockdown of kcnj15 by small interfering RNA resulted in increased insulin secretion in rat insulinoma cell lines, and in non-diabetic or diabetic Akita mice, 30 indicating KCNJ15 plays a crucial role in the regulation of insulin secretion from pancreatic b cells. KCNJ15 mRNA corresponding to rs3746876-T was shown to be degraded slower than that for rs3746876-C in cultured non-insulin-secreting cell lines, but the differences in the expression and/or function of KCNJ15 according to the genotype remains to be elucidated in pancreatic b cells and in vivo.
In the present study, the reported risk allele (T) showed a significant association with type 2 diabetes, but had a reverse direction of effect (ORo1.0). In addition, the association was significant only in obese type 2 diabetes (BMI425 kg m À2 ) in the present study, whereas the SNP was associated with non-obese type 2 diabetes in the original report. 29 Sample size, 4697 cases and 2918 controls, in the present study was sufficiently large enough to replicate the original finding (estimated power is 100%, Supplementary Table S7), and quality of the genotyping was well validated; therefore, these factors were not likely a principal cause for the discrepancy between the present study and the original study. Since we used current BMI, not maximum BMI, for the analysis, our results might be affected by therapeutic interventions, especially for type 2 diabetes cases. Comparing clinical characteristics between the present study and the original report, there was a significant difference in the allele frequency for control groups or in the sex ratio for type 2 diabetes cases (Supplementary Table S8 ); therefore, differences in environmental and/or regional factors between these studies might produce conflicting results, if the association of the KCNJ15 locus with type 2 diabetes truly exists. Since our sample collections have been made from the six distinct study groups for type 2 diabetes and from four distinct study groups for controls, we examined the differences in the genotype distributions for rs3746876 among six different collection groups for type 2 diabetes or among four collection groups for controls. The results indicated that genotype distributions for rs3746876 were not different among individual panels (Supplementary Table S9 ), suggesting that our present finding was not affected by sample heterogeneity.
Because control individuals in the present study were younger than type 2 diabetes patients, the control group might include several individuals who would develop the disease, and the possibility of type 2 error may be increased, although results were not affected by adjusting age. Then we evaluated the association of this SNP with type 2 diabetes using older control individuals (ageX40, X50 or X60, Supplementary Table S10). The results indicated that the rs3746876-T was consistently associated with less susceptibility to type 2 diabetes, and the association was strongest when we used control individuals with ageX60 for the analysis (P ¼ 0.0039, OR ¼ 0.71, 95% CI, 0.56-0.89, Supplementary Table S10). Regarding the difference in the sex ratio, neither adjustment for sex nor stratification by sex affected the results of the association between rs3746876 and type 2 diabetes (Supplementary Tables S3 and S11 ). Since we did not perform a glucose tolerance test for selecting control individuals, our control group may include individuals with impaired glucose tolerance or subclinical diabetes. In addition, our type 2 diabetes group may include other types of diabetes. A possibility for type 2 error might be increased by including these inappropriate individuals; therefore, we did a quick lookup at association data for known type 2 diabetes loci in the present population to evaluate the feasibility of the present study. The results indicated that the associations of these known loci with Japanese type 2 diabetes were consistently observed in the present Japanese population Table S12) , suggesting the present Japanese sample is feasible for the case-control association study. Generally, the linkage disequilibrium pattern for particular loci may be different among different populations; therefore it is possible that rs3746876-C in the present population and rs3746876-T in the original population link to the same causal variant(s). However, the probability for this possibility is likely very low, because Japanese populations have been shown to be genetically homogeneous. 7, 8, 14, 37 Since the association was no longer significant when both results were combined by a meta-analysis (P40.05 in both random-effect and fixed-effect models, data not shown), rs3746876 may not have a significant effect on susceptibility to type 2 diabetes, although further study is required for elucidating the contribution of this locus to conferring susceptibility to type 2 diabetes.
In conclusion, we performed a replication study using an independent larger Japanese population for the association of rs3746876 within KCNJ15, and observed a significant association of rs3746876 with type 2 diabetes. However, the present study failed to validate the original finding; therefore, it is considered that the KCNJ15 locus still does not have a place on the list of confirmed type 2 diabetes susceptibility loci at this moment.
